Abstract: The present study investigates the self healing behavior of both pristine and defected single layer graphene using a molecular dynamic simulation. Single layer graphene containing various defects such as preexisting vacancies and differently oriented pre-existing cracks were subjected to uniaxial tensile loading till fracture occurred. Once the load was relaxed, the graphene was found to undergo self healing. It was observed that this self healing behaviour of cracks holds irrespective of the nature of pre-existing defects in the graphene sheet. Cracks of any length were found to heal provided the critical crack opening distance lies within 0.3-0.5 nm for a pristine sheet and also for a sheet with pre-existing defects. Detailed bond length analysis of the graphene sheet was done to understand the mechanism of self healing of graphene. The paper also discusses the immense potential of the self healing phenomena of graphene in the field of graphene based sub-nano sensors for crack sensing.
Introduction
Graphene, a two-dimensional material system, is the building block of fullerenes, carbon nanotubes and graphite. Since Andre Geim et al. [1] discovered a modest but novel method to isolate single atomic layers of graphene from graphite in 2004, graphene has attracted significant interest and has become the focus of widespread research due to its unique mechanical, electronic, thermal, and optical properties [1] [2] [3] [4] [5] [6] [7] [8] [9] . The exceptional band structure of graphene bestows it with extraordinary electrical transport properties, owing to which it is believed to be an immensely potential candidate for next generation electronics [10] [11] [12] [13] [14] [15] [16] [17] .
Defects in graphene, especially cracks have been shown to affect both the mechanical and electrical properties of graphene significantly [18] . This has led to numerous studies on understanding the failure behaviour of graphene [19] [20] [21] [22] [23] [24] . Understanding the mechanical behaviour of graphene in presence of defects is crucial in the design and key to predicting the ultimate mechanical behaviour of nano-graphene based structural (nano-composites) and nano-electromechanical systems (NEMS).
It has previously been reported both from experimental studies and also by molecular dynamics simulations that graphene can heal its vacancy defects and other topological defects with the aid of metal doping [25] [26] [27] [28] [29] [30] [31] [32] . The authors of this paper have reported for the first time that the self-healing phenomena takes place for single layer graphene without any external aid [33] . The authors had shown in their work that cracks nucleated 'in-situ' in a graphene sheet due to the application of tensile load selfheals within pico seconds of load relaxation. The phenomenon of self-healing was found to be independent of crack length. However, a critical crack opening displacement range of 0.3-0.5 nm was required for self healing to occur. If the crack opening displacement exceeds this limit no healing was observed to occur. This paper presents the effects of pre-existing defects on the self-healing phenomenon of cracks in graphene using a molecular dynamics (MD) simulation. With the concept of self-healing of cracks, we envisage a sub-nano sensor design using graphene that can sense cracks as soon as it starts nucleation or even if it had propagated a certain distance the crack then heals making it a potential candidate for next generation electronics applications.
The remaining paper is organized as follows. Section 2 discusses the simulation methodology, Section 3 represents the phenomena of crack healing, while section 4 discusses the effect of different imperfections on crack healing and section 5 discusses the importance of the critical crack opening displacement. Finally, Section 6 presents the envisaged scenario of sub-nano crack sensing in the presence of different cracks and Section 7 concludes the discussion.
Simulation methodology
The MD simulations were performed using LAMMPS [34] (Large-scale Atomic/Molecular Massively parallel simulator). We used AIREBO (Adaptive inter-molecular reactive Bond order potential) to define force fields in our simulation model which originated from the Tersoff-Berner potential. This defines bond-bond interactions, bond breaking, bond reforming, inter molecular interactions between non-bonded atoms, as well as torsion angles formed by the sequence of three bonds [35, 36] .
We implemented a quantized fracture mechanics (QFM) modified Griffith's model. Based on QFM modelling, the fracture strength is largely related to crack tip radius and crack length and is accurate in studying the fracture behaviour, previously proved by [37, 38] . The quantised fracture strength is given by the following equation:
where σc is fracture strength of pristine sheet, ρ is crack tip radius, l is crack length and L 0 is the minimum propagation distance of the crack. The simulations were performed on a (5 × 5 nm) graphene sheet which contained 1008 carbon atoms with PBC boundary conditions in two in-plane directions and a vacuum space of 100 nm was considered along the zdirection to avoid edge effects. All simulations were performed at a room temperature by Nose-Hoover thermostat. The velocity-verlet time integrating scheme was applied with a time step of 0.0005 ps and held at equilibrium for 30 ps. After equilibrium was attained, the tensile test had been carried out by deformation control method by applying strain loading with an increment of 0.001/ps until the ultimate tensile strength of the material was reached. In order to study self-healing phenomenon, all the forces acting on the deformed graphene sheet were removed and the sheet was allowed to relax for a period of 150 ps.
Tensile testing of graphene sheet & observation of self-healing of cracks
Tensile testing of a graphene sheet (5 × 5 nm) was carried out for pristine condition in longitudinal loading direction. The simulations have been carried out at constant room temperature T=300 K, in the canonical ensemble (NVT), where the amount of substance is (N), volume (V) and temperature (T). Periodic Boundary Conditions were imposed on the system and allowed to relax for a period of 30 ps. The cracks were formed and it propagated in the pristine sheets after the load exceeded the ultimate tensile strength during uniaxial loading. Once all the forces acting on the deformed graphene sheet were removed and the sheet was relaxed, the cracks were found to heal provided the critical crack opening displacement of 0.3-0.5 nm was met. The phenomenon of self-healing of cracks in pristine graphene was earlier reported by the authors [33] . Figure 1 (A-D) shows the different stages of self-healing for a pristine sheet in longitudinal mode. In case of a pristine graphene sheet loaded in a longitudinal direction at relaxation time t=0 ps the carbon atoms in the defected region have dangling bonds which were unsaturated and were energetically unstable [39] . If the crack opening length was less than or equal to 0.5 nm the chemical binding energy was found to be negative, ensuring attractive forces were present in between the nearest neighbouring carbon atoms. The detailed calculations based on chemical binding energy has been explained in section V.
At t = 0 ps, i.e. at the point of relaxation of the sheet, 91% of the carbon bond lengths were found to be elongated in the range of 1.43-1.78 Å as compared to the bond length of 1.42 Å. At t = 0.1ps, it was observed that the carbon atoms started reconstructing through dangling bond saturation, forming non-hexagonal rings i.e. pentagonheptagons (5-7-7-5) structure on the graphene sheet. This pentagon-heptagon rings are known as Stone-Wales construction, which can be seen as the result of a C-C bond rotation by 90°that transforms four hexagons into two pentagons and two heptagons. This type of defect has been investigated previously [40, 41] . In the present study, the Stone-Wales construction acts as a spontaneous topological change for the repair of the defective sheet. The defective graphene started healing, through the formation of Stone-Wales (SW) construction which is energetically preferred in self-healing processes [42] while only 41% bonds remained elongated (1.43-1.48 Å) in the entire sheet at t=0.1 ps. Finally at t=0.2 ps, it was found that the carbon atom coalesced due to atomic rearrangements leading to healing of the broken bonds. At this point of time 33% of the bonds still remained elongated within a range of 1.43-1.52 Å and the rest (67%) fell into the equilibrium bond length of 1.42 Å.
Therefore at t=0.2 ps, self healing of the cracks took place and the resultant sheet was still left with some vacancies and Stone-Wales defects. Terrones et al. [43] had also observed that the presence of Stone-Wales structures can result in coalescence of defective SWCNTs in both armchair and zigzag chiralities leading to self-healing in SWCNT. Figure 2 shows the stages of self-healing through bond length analysis. In order to determine the strength of the healed graphene sheet, tensile testing of the healed graphene sheet was carried out, and the fracture strength observed was about 16% less as compared to the pristine graphene sheet. The reduction in the value of fracture stress is owing to the formation of Stone Wales-defect in the healed sheet. This proves that the graphene sheet can be reused repetitively but with certain degradation in the strength of the sheet.
Effect of varying defect morphology on crack-healing behavior
Effect of different type of imperfections & defects on the self-healing of cracks were studied with the help of MD simulations. The density of defects were varied by varying the concentration of missing atoms as follows 0.09%, 0.2%, 0.4%, 0.6%, 2% and 5% in the graphene sheet, with pre-existing defects (like single vacancy, multiple vacancies, cracks etc.) in longitudinal as well as transverse mode and were tested in tensile loading. Once the crack formed in-situ and propagated after reaching the ultimate tensile strength, the sheet was relaxed by removing all the forces acting on the sheet. It was observed that in all the cases self-healing was evident though the defects created initially existed as shown in Figure 3 . The reason for this was that the atoms initially deleted cannot heal as the simulation box does not contain any extra atom to fill in the defect. It is evident that crack healing takes place (in span of pico seconds) in each case whenever the critical gap between the two separated graphene segments is less than or equals 0.5 nm. Interestingly, it was observed that as the length of the defect increases, e.g, from single to multiple vacancies to cracks, the time to heal the crack also increased.
Critical crack opening displacement
In all of the cases discussed above, the study was repeated with different values of crack length and crack opening displacement so as to arrive at the critical crack length and crack opening displacement required for self healing to occur. The results indicated that the phenomenon of selfhealing was independent of the length of the crack. Hence cracks of any length would be healed once the load was relaxed and thus defining critical crack length is not needed. However, the MD simulation indicated that the critical crack opening displacement is required to be within 0.3- 0.5 nm for the cracks to be healed. If the crack opening exceeded 0.5 nm, self healing of the cracks would not take place.
The critical crack opening of ∼0.5 nm was arrived at from the interatomic interaction forces. Chemical binding energy E b between the atoms is given by [44] :
The functions V R (r) and V A (r) are pair-additive interactions that represent all interatomic repulsions (corecore) and attraction from valence electrons, respectively. The quantity r ij is the distance between pairs of nearestneighbour atoms i and j, and b ij is a bond order between atoms iand jthat is derivable from Huckel or similar level electronic structure theory. The terms V R (r) and V A (r) for carbon-carbon bonds system are defined by [45] as
Bn e −βn r .
The subscript n refers to the sum in equation (4), and r is the scalar distance between atoms. The function f c (r) limits the range of the covalent interactions. The parameter fitting for carbon discussed below assumes a value of one for f c (r) for nearest neighbours and zero for all other interatomic distances. The variables A, Q, α, B 1 , B 2 , B 3 , β 1 , β 2 and β 3 are defined in [45] . Inserting equation (3) and (4) in equation (2) and the variable values from ref [45] , the chemical binding energy vs. the interatomic distance plot has been determined as shown alongside Figure 4 . From Figure 4 , it was observed that after 0.5 nm the binding energy nearly tends to 0.
Potential application of self healing phenomena of graphene
With the unique property of self healing in graphene, we have envisaged an idea of a sub-nano sensor design using graphene that can sense crack as soon as it starts nucleation or even if it had propagated a certain distance and then healing of the crack making it a potential candidate for next generation electronics. The working process of the sensor is applicable only for graphene sheet loaded in longitudinal direction. The reason for this is that in a sensor application, we need the sheet to tear totally in order to have an open circuit. From Figure 3 we observe that for pristine and defective sheet in transverse mode, the sheets do not tear apart totally with uniaxial loading, though selfhealing can be observed. As illustrated in Figure 5a , a voltage source is connected to the graphene sheet. This voltage source generates current passing through the graphene sheet which is loaded in the horizontal direction. Cracks were generated in the graphene sheet by application of a tensile loading up to its ultimate tensile strength at room temperature. The recent research of Yu et al. found that transferred graphene on PDMS grown by CVD has a higher gauge factor of 151 [46] . This shows that there will be change in resistivity of the graphene with a change in mechanical strain. When there is no crack, voltage output will be nearly equal to the input voltage because it acts like closed loop circuitry. As the strain increases, though the resistivity of graphene increases [47] , some output voltage can be still obtained. But as the propagating crack leads to a total tear of a sheet the voltage output will equal to 0, and the open circuit will be obtained as shown in Figure 5b . An installed microcontroller shall receive the zero voltage signal and act simultaneously to send the signal so as to release the load or stop further mechanical stretching or bending activity. Instantaneously, the graphene sheet will heal back again (if crack opening displacement is less than 0.5 nm) and the sensor becomes ready to measure any further surge in deforming load.
As discussed in the previous section, when the critical crack opening displacement is less than 0.3-0.5 nm, graphene tends to heal its crack by itself. Hence even if a crack nucleates it can be tracked as well as healed. Figure 5 represents the self-healing phenomenon in graphene leading to crack curing. This will allow to sense current same as input due to healing, if the loadings are removed from the system. Healing occurs at a very fast rate of approximately 0.2 ps within the critical range of 0.3-0.5 nm as shown in Figure 6 . Even a crack opening displacement above 0.5 nm can be detected but healing in the process cannot be achieved leading to an open circuit as shown in Figure 7 . Hence if the microcontroller can send the signal for release of the deforming load or pressure, crack opening displacement can be controlled & thus the graphene sheet can be healed, ensuring perennial use of the sensor. This technology can be extended to various other critical equipment like relief valves in pressure vessels, boilers, cranes etc. It is also evident that crack healing takes place irrespective of the original defect nature in the sheet. Thus, sub-nano sensing may be demonstrated equally efficiently with a pristine or defective parent graphene sheet loaded in a longitudinal direction. These findings are believed to be significant in the field of next-generation electronics e.g. artificial skin. The skin is the largest organ in the human body. It is mechanically self-healing, but if such behavior can be developed in artificial skin, then it shall prove to be the future for robots used by humans in daily life for numerous applications [48] [49] [50] . Due to unprecedented stretching or bending, rupture of this electronic artificial skin can occur in robots. Using the above concept sub-nano crack sensing methodology for graphene based artificial skin could be one of the potential electronic applications in near future.
Conclusions
The self healing nature of single layer graphene has been studied both in case of pristine and in the presence of preexisting defects like vacancies (single and multiple) and cracks of different orientation. The results obtained are summarised as follows: a) Self healing phenomena of graphene was observed irrespective of the nature of defects pre-existing in the sheet though the time to self-heal increased with increasing defect density. b) MD simulations showed that cracks underwent selfhealing within pico-seconds of load relaxation when the distance between crack surfaces was ≤ 0.5 nm both in presence and in absence of a pre-existing defect. c) A potential application of the self healing phenomena of graphene has been proposed for artificial skin in future robots etc. which makes graphene a next generation's electronic sensor for sub nano sensing applications.
d) The timescales for the working of the sensor at present is in picoseconds and future research efforts would aim at achieving increased timescale for the realistic implementation of this sensor.
